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Summary 

Streptococcus pneumoniae is the commonest cause of vaccine-preventable deaths in 
children under 5 years of age. Current global efforts are focused on alternative 
prophylactic strategies against pneumococcal disease. It v»'as previously demonstrated that 
cyclic diguanylate (c-di-GMP) is a unique bacterial intracellular signaling molecule capable 
of stimulating protective innate immunity against various bacterial infections. In this work, 
the effects of intranasal pretreatment with c-di-GMP before challenge, or intraperitoneal 
coadministration of c-di-GMP with the pneumolysin toxoid (PdB) or PspA before challenge 
with pneumococci was investigated in mice. Intranasal pretreatment with c-di-GMP 
resulted in significant decrease in bacterial load in lungs and blood after serotypes 2 and 3 
challenge, and significant decrease in lung titers after serotype 4 challenge. Potential 
cellular mediators of these protective responses were identified in lungs and draining 
lymph nodes, intraperitoneal coadministration of c-di-GMP with PdB or PspA before 
challenge resulted in significantly higher antigen-specific antibody titers and increased 
survival of mice, compared to that obtained with alum adjuvant. These findings 
demonstrate that local or systemic c-di-GMP administration stimulates protective innate 
and adaptive immunity against invasive pneumococcal disease. We propose that c-di-GMP 
can be used as an effective broad spectrum immunomodulatory molecule and vaccine 
adjuvant to prevent various infectious diseases. 
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INTRODUCTION 

Streptococcus pneumoniae is the leading cause of bacterial pneumonia, meningitis, and 
otitis media in the United States (7). In spite of the availabilit>' of antimicrobials, the capsular 
polysaccharide (PS) vaccine, and the 7-valent protein-PS conjugate vaccine, pneumococcal 
disease continues to be responsible for high morbidity and mortaHty worldwide, especially in 
groups at high risk (36). Consequently, global efforts are focused on exploring alternative 
pneumococcal vaccine strategies to address the shortcomings of existing formulations, without 
compromising efficacy. One of these approaches involves the development of vaccines based on 
pneumococcal proteins that contribute to pathogenesis and are common to all serotypes. To date, 
the most promising vaccine candidates are the pneumolysin toxoid (PdB), pneumococcal surface 
protein A (PspA), pneumococcal surface protein C (PspC, also referred to as choline binding 
protein A) and the 37-kDa metal- binding lipoprotein PsaA (reviewed by (36)). 

We have shown that c-di-GMP (3 ',5 '-cyclic diguanylic acid or cyclic diguanylate or 
cGpGp) initially identified in the bacterium Acetobacter xylinum, is an intracellular signaling 
molecule (1, 42, 43). It is present in multiple bacterial species but not in eukaryotes (9, 13, 17, 
38-40), and is now recognized to control many key functions in bacteria, including survival, 
adherence, colonization, and biofilm formation (8, 15, 17, 23, 38, 41). Recent studies indicate 
that it might also modulate host cellular responses (23), resulting in an enhanced control of 
infection (6). Consistent with this notion, we recently demonstrated that c-di-GMP increases 
MIG/CXCL9 (a chemoattractant for activated T cells) suggesting possible antitumor activity 
(21), and inhibits basal and growth factor-induced proliferation of human colon carcinoma cells 
(20). 
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Recently, c-di-GMP was shown to modulate the immune system to prevent and fight 
various lethal bacterial infections (21). Intranasal (i.n.) or subcutaneous administration of c-di- 
GMP before intratracheal challenge with Klebsiella pneumoniae also resulted in significantly 
increased survival and reduction in bacterial counts in lung and blood (22). The response was 
characterized by enhanced accumulation of neutrophils, a(3 T cells, and activated NK and ap T 
lymphocytes, associated with earlier and more vigorous expression of chemokines and t}'pe-l 
cytokines (22). Moreover, lung macrophages recovered from ^/efo/e//a-infected mice pretreated 
with c-di-GMP expressed greater quantities of iNOS (inducible nitric oxide synthase) and nitric 
oxide ex vivo than those isolated from mice pretreated with control cGMP (22). These findings 
demonstrate that c-di-GMP delivered locally or systemically stimulates protective innate 
immunity in the lung and protects mice against bacterial invasion. 

In this study, we investigated the ability of c-di-GMP to protect against systemic 
pneumococcal infection, using established mouse models. We provide additional direct evidence 
that c-di-GMP is immunostimulatory, can protect against infection, and acts as an effective 
vaccine adjuvant against systemic disease. 
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MATERIALS AND METHODS 

Bacterial strains. The pneumococcal strains used in this study were D39, a virulent type 
2 strain (2), strain T4, a type 4 encapsulated strain (45), and XenlO, a bioluminescent derivative 
of type 3 strain A66.1 (12) that has been engineered to express luciferase so infections can be 
followed using bioluminescent imaging (Xenogen Corp.,Hopkinton, MA). 

Mice. Intranasal challenge studies with D39 and T4 were carried out using 6-8-week old 
female Balb/cByJ mice (Jackson Laboratory, Bar Harbor, ME) at St. Jude Children's Research 
Hospital. For bioluminescence studies, 6-8-week old female C57BL/6 mice (Charles River, 
Margate, U.K.), were used at the University of York. For i.p. active immunization/challenge 
studies, 5-week old male outbred CDl (Swiss) mice were used at the University of Adelaide. All 
animal experiments were approved by the Animal Care and Use and Ethics committees of the 
various institutions. 

c-di-GMP. The c-di-GMP used in these studies was chemically synthesized and prepared 
as described previously (16). Control cGMP was purchased from Sigma (St. Louis, MO). c-di- 
GMP and control cGMP were reconstituted at the appropriate concentration in sterile 0.9% NaCl 
(saline). Control groups received either saline alone or control cGMP (Sigma). All c-di-GMP 
preparations were free of endotoxin contamination (21), and did not have any direct 
antimicrobial effects on S. pneumoniae (not shown). 

Preparation of antigens. A 43 kDa N-terminal Hise-tagged PspA fragment was cloned, 
expressed, and purified as described previously (4, 32, 33). Pneumolysin toxoid (PdB) was 
cloned as a Hise-tagged fusion protein from plasmid pJCP202 (27) by amplification with primers 
AD20 5'-GGAACTTATTA GGATCCA GAAGATGGC-3' and AD21 5'- 
TTGTCGC GAGCTC TCTCCTCTCCTA-3' (BamUl and Sad restriction sites underlined). The 
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PCR fragment was cloned into the corresponding restriction sites in the polylinker of pQE32 
(Qiagen Inc.) and then used to transform Escherichia coli BL21 (DE3). Recombinant Hise-PdB 
was expressed, purified and analyzed by sodium dodecyl sulfate-polyacryiamide gel 
electrophoresis (SDS-PAGE) and Coomassie brilliant blue staining, as described previously (34). 
The protein migrated at approx. 53 kDa, consistent with its predicted size from the DNA 
sequence. Hise-PspA fragment was analyzed in parallel and also migrated at the expected size 
(approx. 43 kDa). Both antigens were judged to be >95% pure (not shown). 

Intranasal challenge. For bioluminescence studies, mice were challenged i.n. with 2 x 
10^ CPU of XenlO in a 50 |j,l volume under light anesthesia with 2.5% isoflurane (Baxter 
Healthcare Corporation, Deerfield, IL). Before challenge, groups of mice were treated i.n. with 
either c-di-GMP (200 nmol ), cGMP (200 nmol; Sigma) or PBS at -48 h and -24 h. Infection was 
then followed in individual mice using the IVIS Imaging 100 system (Xenogen). Luminescence 
(photons/sec/cm^) was determined at various time points and quantified using Livinglmage 
software (Xenogen). 

For studies using c-di-GMP pretreatment to protect against i.n. challenge and to 
enumerate bacterial titers in the lungs and blood, mice were anesthetized 48 and 24 h before 
infection and given 200 nmol per mouse of either c-di-GMP, or control cGMP (Sigma). Both 
were diluted in saline and delivered in a final volume of 50 \i\ (25 ^1 per nostril). Before 
infection, mice were anesthetized and then challenged with 1 x 10"*, 1 x 10^, or 1 x 10^ CFU of 
D39 or 1 X 10^ CFU of T4 in 100 |.l1 sterile PBS (50 ^il per nostril). Twenty-four hours after 
infection, mice were lightly anesthetized with isoflurane and approx. 100 p,l of blood was 
obtained via retro-orbital puncture. Mice were then euthanized by CO2 inhalation followed by 
cervical dislocation. Lungs were removed aseptically, washed three times in sterile PBS, and 
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homogenized in 500 \il sterile PBS. Pneumococci were enumerated by plating serial 10-fold 
dilutions of lung homogenates or blood on tryptic soy agar (Difco) plates supplemented with 3% 
v/v sheep erythrocytes. 

Immunization of mice. Six groups of 5-to 6-week-old male CDl mice (15 per group) 
were immunized intraperitoneally (i.p.) with PdB or PspA, in either alum adjuvant (Imject Alum 
no. 77161; Pierce, Rockford, 111.) or c-di-GMP. Each group received either PdB+alum, 
PspA+alum, PdB+ c-di-GMP, PspA+c-di-GMP, or a placebo. Each mouse received three doses 
of 10 lag of each antigen in either 100 ^g of alum or 200 nmol of c-di-GMP at 14-day intervals. 
Mice given the placebo received an identical course of saline plus alum or c-di-GMP. Sera were 
collected from individual mice by retro-orbital bleeding 1 week after the third immunization. 

ELISA and Western blotting. Aliquots of sera from individual mice in each group were 
pooled and assayed for protein-specific antibodies by enzyme-linked immunosorbent assay 
(ELISA), using 96-well polystyrene microtiter trays (Nunc) coated with purified antigens. 
Pooled sera were analyzed for total TgG and TgG subclass (IgG l, IgG2a) antibodies, while sera 
fi-om individual mice were assayed for total IgG, as described previously (33, 34). Pooled sera 
were also subjected to Western immunoblotting using whole-cell lysates of D39 or purified 
proteins as the antigen, as described previously (34). 

Intraperitoneal challenge. Mice were challenged 2 weeks after the third immunization 
using opaque-phase variant of D39, selected on THY-cataiase plates (48). Bacteria were grown 
as described previously (33) and the dose adjusted to 3 x 1 0^ CPU (approx. 30 LD50 dose of D39 
for CDl mice). Mice were closely monitored for 21 days, and survival times recorded. 

Flow cytometry. Preparation of single cell suspensions of lung and draining lymph 
nodes (dLN), and subsequent flow cytometric staining were carried out as previously described 
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(26, 27). Total viable cell counts were determined by trypan blue exclusion. The following 

antibodies were used (all BD Pharmingen, Oxford, UK, unless otherwise stated): fIL3 (CDl Ic), 
RB6-8C5 (Ly6G/Ly6C; Grl), 2G9 (MIIC-II), Ml/70 (CD! lb), 7/4 (7/4 antigen: Serotec, 
Oxford, U.K.), 145.2C11 (CD3), H57-597 (TCR b), GK1.5 (CD4), 53-6.7 (CD8a), RA3.6B2 
(B220), 1D3 (CD19), 3/23 (CD40) and GLl (CD86). All samples were treated with anti-FcR 
(2.4G2) prior to specific staining. Samples were acquired on a Cyan ADP flow cytometer. 

Statistics. Lung and blood titers were compared by Tukey's analysis of variance, using 
SigmaStat for Windows (SysStat Software, Inc., V3.ll). Differences in luminescent bacterial 
titers were determined by Student's t test. Median survival times of groups in the i.p challenge 
experiment were compared by the Mann- Whitney U test (two-tailed). Antibody titers from 
individual mice were compared by Student's / test (two-tailed). Data from flow cytometry were 
analyzed with Summit 4.3 software (Dako, Ely, U.K.). A P value of <0.05 was considered 
statistically significant. 



11/21/2007 

RESULTS 

c-di-GMP enhances innate protection against letlial pneumococcal infection. 

Previous Xenogen mouse model of pneumococcal infection indicated that i.n. infection with 1-2 
X 10*^ CPU of 5. pneumoniae XenlO typically establishes a lung-restricted lethal infection (12, 
35) while allowing disease progression to be followed firom as early as 5 min post challenge (26). 
To examine the effects of c-di-GMP on host survival and bacterial growth in this model, mice 
were pretreated at 48 h and 24 h with c-di-GMP, cGMP or PBS (10 mice per group) before i.n. 
challenge with a lethal dose of XenlO and imaged at various time points thereafter. 

At early time points (1-4 h post-challenge), mice pretreated with PBS or cGMP showed a 
general tendency towards control of bacterial numbers, reflected by relatively small increases in 
luminescence (Fig. lA, B). However, c-di-GMP-pretreated mice generally showed rapidly 
increasing luminescence, suggesting an inability to control bacterial growth at this stage. 
Surprisingly, from 8 h post-infection, c-di-GMP-pretreated mice exerted a rapid and effective 
control over bacterial growth. Instead of continued multiplication, luminescence in lungs of the 
mice tended to plateau, followed by a much slower increase in bacterial titers over the following 
24-48 h (Fig. IB, C). Mice in both control groups, despite their lower bacterial loads at early 
time points, appeared to succumb to infection before 18 h post-challenge. In these groups, 
luminescence increased significantly in the lungs (Fig. IB, C-F) compared to c-di-GMP-treated 
mice at 42 and 48 h. Together, these data suggest that, despite a short initial lag, c-di-GMP 
pretreatment is beneficial to the host and aids in controlling fulminant pneumococcal infection. 

Pneumococcal counts in lung and blood of pretreated mice. To test the effect of c-di- 
GMP on invasive disease by virulent strains, groups of 6 mice were infected with 1x10^ CFU of 
S. pneumoniae D39 or 1 x 10^ CFU of T4. At 24 h post-infection, bacteria were enumerated from 
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blood cultures and lung homogenates. Mice treated twice with c-di-GMP 48 and 24 h before D39 
challenge had greater than 100-fold reduction in mean lung titers compared to mice treated with 
cGMP (Fig. 2A). Mice challenged with T4 also showed significant reductions in mean lung 
titers. Blood titers were also lower in both groups, but the difference was only statistically 
significant for D39-challenged mice (Fig. 2B). 

To determine whether this effect could be seen across a broader range of infectious doses, 
groups of mice were treated as above and infected with 1 x lO"* or 1 x 10^ CPU of D39 (Fig. 2C). 
Mice treated with c-di-GMP had approx. 100-fold reductions in lung titers at both additional 
doses tested, although this was only statistically significant in the group challenged with the 
lower dose. 

Analysis of sera. ELISA analysis of pooled sera from groups of mice immunized with 
PdB and PspA indicated strong, antigen-specific antibody responses, and IgGl response was 
predominant (Table 1). Interestingly, antibody titers elicited to PdB+c-di-GMP and PspA+c-di- 
GMP were significantly higher than PdB+alum and PspA+alum (^=0.003 and P=0.0005, 
respectively). When antibody titers from 3 mice that survived the challenge and from 3 mice that 
died soon after challenge in each group were compared, the titers for surviving mice immunized 
with PdB+alum and PspA+c-di-GMP were significantly higher (P=0.01 in both cases). However, 
antibody titers for surviving mice immunized with PspA+alum and PdB+c-di-GMP were not 
significantly different from those obtained from their counterparts that died early. 

Western immunoblot analysis of whole cell lysates of D39 also demonstrated protein- 
specific antibody responses (Fig. 3). Anti-PdB sera specifically labeled pneumolysin, but a 
characteristic labeled smear was observed with anti-PspA sera (31, 34). Western blot analysis of 
the purified proteins also demonstrated specific antibody responses (not shown). 
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Protection studies. In the i.p. challenge experiment, mice immunized with PdB+alum 
and PspA+alum survived significantly longer than the placebo group [P<0.02 in both cases] (Fig. 

4). Furthermore. Pd B+c-d i-GMP-immunized mice survived significantly longer than those 
immunized with c-di-GMP alone (P<0.05). Surprisingly, the median survival time for mice 
immunized with PspA+c-di-GMP, although longer than for those immunized with c-di-GMP 
alone (>504 h vs 60 h), did not reach statistical significance. Interestingly, mice immunized with 
PdB+c-di-GMP survived significantly longer than those that received PdB+alum (P<0.05). 

c-di-GMP treatment affects both lung and draining LN populations. To examine 
potential mechanisms underlying the protective effect of c-di-GMP, immune cell populations 
from lungs and lung draining lymph nodes (dLN) were quantified in naive, cGMP and c-di-GMP 
treated mice. Compared with naVve lungs, no significant effect of cGMP (P=0.17) or c-di-GMP 
(P=0.19) on overall cell number was observed. Treatment with c-di-GMP reduced both T and B 
lymphocyte counts in lungs compared with control groups (Fig. 5A), although the proportion of 
CD44'°"' naTve T cells was slightly increased in c-di-GMP-treated mice compared with naive 
(P=0.01) and cGMP groups (P=0.001). c-di-GMP treatment had no significant effect on total 
CDl lc'"MHCIl'*'"'' alveolar macrophage (AM) numbers (Fig. 5B), but increased the proportion of 
these cells expressing CDl lb (Fig. 5B), suggesting an increase in newly influxed AM (27). 
Similarly, while numbers of lung CDl Ic'^MHCII*^' dendritic cells (DC) were not significantly 
influenced by c-di-GMP treatment (data not shown), DC from these mice expressed higher levels 
of CD40 and CD86 than did DC from either control group (Fig. 5C, D). Finally, neither 
monocyte nor neutrophil populations in the lungs were significantly altered by c-di-GMP 
treatment compared with control groups. 
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In contrast to the lungs, c-di-GMP treatment significantly increased the total cell number 
of lung dLN compared to cGMP (P=0.01) or naive groups (P=0.01), reflected in significant 
increases in T lymphocyte, but not B lymphocyte, numbers in the dLN (Fig. 6A). Furthermore, 
there was an increase in the proportion of CD44'°^ naive cells c-di-GMP -treated mice (Fig. 6B). 
DC population significantly increased in both cGMP and c-di-GMP treated groups compared 
with controls (Fig. 6C). However, expression of CD86 was significantly increased only in the c- 
di-GMP group (Fig. 6D), but not CD40 (not shown). Finally, while c-di-GMP treatment had no 
significant effect on dLN neutrophil counts (Fig. 6E), mean counts of monocytes within the lung 
dLN of the c-di-GMP group were >20-fold higher than in either control group (Fig. 6E). Taken 
together, these data demonstrate cellular consequences of c-di-GMP treatment which may 
facilitate more potent immune responses. 
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DISCUSSION 

In this study, we report that pretreatment of mice either i.n. or i.p. with c-di-GMP, but not 
control nucleotide (cGMP) or saline, can induce a significant protective immune response 
against i.n. or i.p. challenge with virulent pneumococci in various murine infection models. Our 
current findings are consistent with previous studies with Staphylococcus aureus and K. 
pneumoniae, as well as recent in vivo and in vitro studies showing that c-di-GMP is 
immunomodulatory and immunostimulatory (6, 21, 22). 

In bacterial pneumonia, clearance of pathogens is primarily dependent upon a vigorous 
innate immune response (5, 28, 46, 47). The present study clearly demonstrates that c-di-GMP 
administration enhances several key aspects of the cytokine-mediated innate immunity in the 
lung. Although the cellular components of c-di-GMP-stimulated immunity have not been clearly 
defined, several candidate cell populations, such as neutrophils, MIP-2, NK, NKT and ap T 
cells, are likely to be involved, as shown previously (22). Neutrophils are important for bacterial 
clearance from the lung (28, 47), and c-di-GMP-induced upregulation of MlP-2 may contribute 
to increased neutrophil trafficking. Moreover, NK cells are considered to be the primary source 
of IFN-y in the lung early during bacterial infection (10, 11), while NKT cells can be primed to 
secrete prodigious quantities of IFN-y during infection (14, 24, 44), as well as contributing to 
innate immunity against pulmonary pneumococcal challenge (25). The promotion of enhanced 
type 1 immunity in response to c-di-GMP administration supports the possibility that c-di-GMP 
directly stimulates DC mediated responses in the lung via activation of p38 MAPK (mitogen 
activated protein kinase) and enhanced IL-12 p40 expression, as demonstrated recently (21). 
However, other cells, including lung macrophages, may also contribute. 
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We also demonstrate that c-di-GMP can prime or directly stimulate multiple beneficial 
aspects of innate and adaptive immunity. Therefore, its use avoids current concerns with drug 
resistance associated with traditional antibiotics. Since c-di-GMP has fast-acting broad spectrum 
activity and flexibility in route of administration, its use may also be complementary to 
antibiotics (prophylactically or therapeutically), as previously proposed (21). 

In the bioluminescence studies, c-di-GMP pretreatment resulted in reduced early control 
of bacterial numbers at 0-4 h, but a significant reduction in bacterial titers at 42-48 h. Although 
the reeisons for these observations are unclear, mice pretreated with c-di-GMP, but not with 
cGMP or saline, rapidly exhibited physical symptoms of mild toxic shock (piloerection, severe 
sweating) following challenge (unpublished observations). This suggests a rapid pro- 
inflammatory c>'tokine response initiated by pneumococcal challenge in c-di-GMP 'primed' 
mice which did not occur in control groups. While it was previously shown that TNF, a major 
pro-inflammatory cytokine involved in toxic shock responses, is neither significantly induced nor 
required for a complete cellular response to S. pneumoniae (26), it remains to be seen whether 
such a locally initiated shock response may be detrimental to early cellular responses in the 
lungs. It was strikmg that after approximately 8 h, c-di-GMP-pretreated mice exerted control 
over bacterial numbers. Since early anti-pneumococcal responses in previously nai've mice are 
dominated by neutrophils and other phagocytes (26), we propose that c-di-GMP pretreatment 
results in the ability to mount a more effective and prolonged phagocytic response. This may 
occur either through increased phagocyte recruitment or more efficient phagocytic killing (22). 
These possibilities and the mechanism involved are under investigation. 

Although the data using the serotype 3 strain XenlO were compelling, different 
pneumococcal strains often behave quite differently in mice (35). We therefore sought to 



14 



11/21/2007 

determine whether amelioration of invasive disease was possible in strains with pathogenicity 
profiles distinct from XenlO. While XenlO stays confined to the lung, the type 2 strain D39 
causes both lung infection and a high grade sepsis with bacteremia, while the type 4 strain T4 
causes primary bacteremia which progresses to meningitis in untreated mice; with seeding of the 
lungs occurring secondary to bacteremia (35). With both these virulent strains, pretreatraent with 
c-di-GMP decreased lung and blood titers compared to mock treated controls, indicating the 
effects are not specific to the lung and can be generalized to several pneumococcal strains and 
serotypes. This provides additional support for the proposed mechanism suggesting these results 
with S. pneumoniae (and our previous results with S. aureus and K. pneumoniae) are based on 
changes to the host's innate immunity, rather than a direct effect on any particular bacterial 
strain. 

In the i.p. immunization/challenge studies, the protection elicited by PdB and PspA is in 
agreement with previous findings (33, 34, 37). Passive-immunizafion-i.p.-challenge experiments 
demonstrated that the protection elicited by PdB and PspA was, at least, partly antibody 
mediated (33). In this work, mice immunized with PdB and PspA in c-di-GMP elicited 
significantly higher antibody titers than mice that received the antigens in alum. Indeed, mice 
immunized with PdB -c-di-GMP were significantly better protected than those immunized with 
PdB-i-alum. While high antibody titers correlated with protection, this may not necessarily 
represent the true or only mechanism of protection. Recent studies in mice have indicated T-cell 
mediated, antibody-independent immunity against pneumococcal colonization (29, 30) or 
systemic disease (18, 19). Indeed, low CD4 T-cell immunity' to pneumolysin was found to be 
associated with pneumococcal carriage in children (49), while PspA was effective at eliciting T 
cell-mediated responses during invasive disease in adults (3). Therefore, protection afforded by 
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either PdB+c-di-GMP or PspA+c-di-GMP may be T-cell mediated, although this remains to be 
demonstrated directly. 

In conclusion, we demonstrate that innate immune stimulation with c-di-GMP 
ameliorates subsequent invasive pneumococcal disease and augments the immune response. 
Furthermore, the fact that the results are more generalizable and reproducible in different 
serotypes, and complementary in different infection models, is very encouraging. These findings, 
in addition to the possibility that formulation of vaccines with c-di-GMP is likely to be simpler, 
argues in favor of using c-di-GMP as an adjuvant of choice. This would make deployment of 
such vaccines to developing countries, where the need is greatest, more affordable. We propose 
that c-di-GMP treatment may play a potentially beneficial role in immunoprophylaxis by 
activating innate host defenses against respiratory and systemic infections. Potential clinical 
applications for c-di-GMP include its use alone or in combination with other pharmaceuticals as 
an immunostimulatory, immunoprophylactic, and immunotherapeutic agent or vaccine adjuvant 
to prevent a variety of infections. 
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Figure legends 

FIG. 1. The effect of c-di-GMP pretreatment on S. pneumoniae XenlO infection. Luminescence 
was quantified in the thorax of individual mice given c-di-GMP, cGMP or PBS before S. 
pneumoniae XenlO infection at: (A) 1, 2.5 and 4 h, (B) 18, 24, 40 and 48 h and (C)l, 4, 18, 24, 
40 and 48 h post challenge. Mean (±SEM) luminescences were calculated for each group at each 
time point. *i'<0.01 vs. PBS control group by Student's ^-test. (D-F) Luminescence images taken 
at 48 h post XenlO challenge. Two mice within the cGMP group died as a result of infection at 
24-42 h. In all cases n=5 mice per group. Results are representative of 2 separate experiments. 
FIG. 2. Pneumococcal counts in lung and blood of c-di-GMP and cGMP pretreated mice. 
Groups of mice (n=6) were pretreated with either c-di-GMP or control GMP then infected with 1 
X 10^ CFU of S. pneumoniae D39 or Ix 10^ CPU of T4 intranasally and (A) lung and (B) blood 
cultures were assayed 24 h later. (C) In a second experiment lung titer data were collected 
following challenge with either lO"* or 10^ CFU of D39. The 25"" - 75* percentiles are 
represented by the shaded box-plots with the horizontal bar indicating the mean value. Error bars 
indicate the standard deviation of the measurements. An asterisk (*) indicates a significant 
difference by ANOVA compared to the group treated with c-di-GMP (P<0.05). 
FIG. 3. Western blot of whole-cell lysates of S. pneumoniae D39 with anti-PdB and anti-PspA 
sera. The lysates were reacted with specific antisera generated from mice immunized with the 
indicated antigens. Results for nitrocellulose membranes reacted with sera from mice immunized 
with alum (lane 1), PdB+alum (lane 2), PspA+alum (lane 3), c-di-GMP (lane 4), PdB+c-di-GMP 
(lane 5), and PspA+c-di-GMP (lane 6) are shown. The corresponding molecular mass of each 
protein is indicated by an arrow: pneumolysin (53 kDa), and PspA (86 kDa). 
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FIG. 4. Survival times for mice after intraperitoneal challenge. Groups of 15 CDl mice were 
immunized with the indicated antigens and challenged 2 weeks after the third immunization with 
approximately 3 x lo^ CFU of the capsular type 2 strain D39. The broken lines denote the 
median survival time for each group. 

FIG. 5. Effect of c-di-GMP treatment on lung cells. Lung cell populations were quantified (A, 
B) in naive mice (open bars), or following cGMP (closed bars) or c-di-GMP treatment (hatched 
bars). Graphs show mean numbers of CDS^TCRb^CDir T cells, CD3TCRb'CD19* B ceils (A), 
and CDllc^MHCIl'°*CDllb+'- AM (B). *P<Q.05 compared with c-di-GMP group (Student's t- 
test). Expression of CD40 (C) and CD86 (D) on CDllc^MHCIl'^'^ lung dendritic cells is shown 
for individual mice in each group as mean fluorescence intensity (MFI). Bars represent mean 
values and numbers indicate P value compared with c-di-GMP group. 

FIG. 6. Effect of c-di-GMP treatment on lung draining LN cells. Draining LN populations were 
quantified (A, C, E) in naive mice (open bars), or following cGMP (closed bars) or c-di-GMP 
treatment (hatched bars). Graphs show mean numbers of T and B lymphocyte (A, as defined in 
Fig. 5), CDUc"^ DC (C) and non-overlapping Grl^CDllb"^7/4'^ neutrophil and monocyte 
populations, conclusively differentiated based on size and granularity characteristics (E). 
*P<0.05 compared with c-di-GMP group (A) or naive group (C) (Student's / test). The 
percentage of CD44'°''' T cells was in individual mice is shown (B), as is the MFI level of CD86 
expression on DCs (D). Bars represent mean values and numbers indicate p value compared with 
c-di-GMP group. 
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Table 1. Antibody titers obtained from immunized mice. 



ELISA titers" 



Immunogen Alum-immunized group c-di-GMP-immunized group 





Total IgG 


IgGl 


IgG2a 


Total IgG 


IgGl 


IgG2a 


PdB 


30,000 


40,000 


8,000 


60,000 


40,000 


25,000 




(28,200 ± 3,250) 






(54,200 ± 5,800) 






PspA 


30,000 


35,000 


8,000 


140,000 


160,000 


50,000 




(24,700 ± 1,600) 






(112,000 ± 17,200) 






Alum 


<500 


ND 


ND 


ND 


ND 


ND 


c-di-GMP 


ND 


ND 


ND 


<500 


ND 


ND 



'ELISA titers were determined as the reciprocal of the dilution of sera giving 50% of the highest 
absorbance reading above the background at 405nm. Values in parenthesis represent mean 
antibody titers ± SEM from six individual mice. 

ND= Not Determined. 
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Figure 5 
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Figure 6 
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